Background: Hair mineral analyses are being performed frequently both with and without medical advice. Reasons for analysis often are ill defined. Objective: To assess variability of trace element data both within a series of samples from an individual and among mean values published from other research laboratories. Design: Many samples of hair were collected carefully from a healthy man over a comparatively long period of time and were processed and analyzed under standard conditions. Extensive published data from other research laboratories also were reviewed and compared. Results: Coefficients of variation for trace elements in hair of the donor ranged from 17 to 74% for the essential elements copper, selenium and zinc and from 53 to 121% for the potential intoxicants aluminum, cadmium and lead. The ratio of high mean to low mean for values published by others on hair samples from healthy people ranged from two for selenium and zinc to 18 for aluminum. Conclusions: Hair analysis should be based on a diagnostic hypothesis such as cadmium intoxication or copper deficiency rather than on the ease of analysis or attempts to explain vague symptoms because within-person variability is large and interlaboratory agreement on normal values is poor.
Introduction
Trace elements in hair are being measured frequently both with and without medical advice (Klevay et al, 1987) . Analytical indications usually are ill defined. Spectroscopic methods of analysis have become common; analytical services are available to both medical personnel and the laity. Multiple elements can be measured on a few hundred milligrams of hair collected without pain to the donor and mailed to a laboratory in a small envelope.
Trace elements generally are measured in hair with the hope of diagnosing deficiency of essential nutrients or detecting excessive amounts of exposure to environmental contaminants. It is assumed that trace elements in hair reflect trace elements in organs or important body pools. Copper in hair correlates significantly with copper in liver (Jacob et al, 1978) , heart and kidney (Klevay, 1981b) , but not aorta in experimental animals. Similarly, zinc in hair correlates significantly with zinc in bone and testes (Deeming & Weber, 1977) . Selenium in hair of people was correlated with selenium in kidney (Muramatsu & Parr, 1988) and in kidney cortex, liver and lung . Similarly, cadmium in hair correlated with that in kidney and liver at autopsy (Oleru, 1975) . Correlations are not universal (Yoshinaga et al, 1990) . Smokers are said to have higher lead and selenium in hair (Creason et al, 1975) than nonsmokers. Aalbers (1984) did not confirm the cardiovascular correlates found in animals between copper in hair and that in liver, heart and kidney in an autopsy study of human atherosclerosis (Jacob et al, 1978; Klevay, 1981b) . Some more reviews on the utility of hair analysis (Wilhelm & Idel, 1996; Druyan et al, 1998) have been published since an earlier collection (Klevay et al, 1987) . Others (Barrett, 1985; Seidel et al, 2001; Drasch & Roider, 2002) have evaluated hair mineral analysis by sending split samples to different, commercial laboratories, comparing subsequent analytical reports, and inferring large variations in results and interpretations from different laboratories. This report evaluates variability of analyses conducted in a short period of time in a research laboratory on samples collected from a single donor over a period of more than 20 y and compares widely differing, published mean values from different research laboratories. Data on six elements, three essential nutrients and three potential intoxicants, are used to illustrate general principles.
Methods
Hair was collected from the occiptonuchal region from a healthy, middle-aged, nonsmoking man with some regularity between February 1968 and December 1986. He used only two brands of shampoo low in copper and zinc during the interval, Breck (names are necessary to report factually on available data; however, the USDA neither guarantees nor warrants the standard of the product, and the use of the name by USDA implies no approval of the product to the exclusion of others that may also be suitable) (The Dial Corp., Scottsdale, AZ, USA) and Johnson's Baby (Johnson & Johnson, Skillman, NJ, USA) and was taking neither prescription medicines for long periods nor dietary supplements. He had no unusual occupational exposure to chemical elements and moved from Cincinnati, Ohio to Grand Forks, North Dakota in mid-1972, living in one dwelling in each city.
After collection with the assistance of a barber at the time of ordinary haircuts, hair was stored in dated glassine bags in a file drawer at room temperature. Samples of 1-2 cm in length, were washed in batches of 4-6 with ether, sodium lauryl sulfate detergent in demineralized water and acetone in sequence (Klevay, 1970b (Klevay, , 1981a , were dried between two filter papers overnight, and were desiccated over calcium sulfate until dissolution for analysis.
Samples were digested (Hunt & Shuler, 1989) in teflon tubes (Oakridge, Nalgene, Rochester, NY, USA) at 1401C with reagent grade nitric acid and hydrogen peroxide in batches of 10-25. Samples were assigned to analytical batches by repetitive selection of every 10th sample in the 20-y interval. All glassware was cleaned with ethylenediamine tetraacetate with detergent (Radiac, Biodex, Shirley, NY, USA) in demineralized water (15 MO) before use.
Aluminum, cadmium, copper, lead, and zinc were measured by inductively coupled argon plasma spectrometry (Hunt & Shuler, 1989) with the instrument optimized for manganese. Selenium was measured by atomic absorption spectrometry (Anon, 1996) after hydride generation (Neve et al, 1980) . Each analytical batch contained approximately 25 samples and standards. Samples in each batch were analyzed in random order to distribute evenly any effects of instrument variation on final results. Statistical analysis was performed using analysis of variance (Sokal & Rohlf, 1969) , time series analysis (Box & Jenkins, 1976) , linear regression (SAS, 1999) and the Kruskal-Wallis test (Sokal & Rohlf, 1969) .
Results
Accuracy and precision of analysis were evaluated using a pulverized and blended standard hair sample (Certified Reference Material, Shanghai, China). Two, triplicate analyses revealed that mean values for the six elements averaged 5% higher than the certified values. Coefficients of variation were calculated: copper, 4.2%; selenium, 4.6%; zinc, 3.0%; aluminum, 1.5%; cadmium, 12.4% and lead, 1.5%. Table 1 contains mean values and variability estimates for the elements in the donor's hair obtained after six batches of samples were analyzed.
In all, 64 samples were analyzed, but some were too small to obtain reliable values for selenium. Initial evaluation of the data for each element included chronological graphs with each analytical batch identified and one-way analysis of variance testing for batch differences. Some lead data were discarded because one batch seemed high according to the graphs; a few of the samples were large enough for repeat analyses of lead to be included. Figure 1 contains a graph of hair copper vs collection date. The later three-fourths, approximately, of the points are those collected in Grand Forks. Inspection of a similar graph for lead revealed that both the values and the variability decreased with time (Klevay et al, 2002) .
Inspection of Figure 1 reveals that differences between successive samples sometimes were substantial. Mean, absolute differences were calculated for each element, were divided by the mean concentration for the element and are reported as per cent in Table 1 . When samples were divided into two groups by place of residence, the Kruskal-Wallis test revealed a 41% decrease (Po0.002) in copper in the later period. Similarly, aluminum (Po0.003) and selenium (P ¼ 0.0004) increased 89 and 19%, respectively, and cadmium decreased 27% (Po0.05) in the later period (untransformed data). No change in lead or zinc was found by this method. The Kruskal-Wallis test revealed no seasonal variation for any of these elements when each year was divided into quarters.
Linear regression of elemental concentration vs time over the whole period revealed significant downward trends only for cadmium (P ¼ 0.0001) and lead (P ¼ 0.022). Data on aluminum, copper and lead exhibited significant autocorrelation (Box & Jenkins, 1976) ; other data did not.
Discussion
Variability of the donor The subject of this study was healthy; there is no reason to suspect either deficiency of essential nutrients or intoxication with other elements. Four of the elements in Table 1 changed over the period of observation. The elemental variations found here are somewhat dependent on the statistical method used to detect them. For example, increased aluminum and selenium over the course of the study were found only by the Kruskal-Wallis test. The decrease in lead was found only by linear regression. The decrease in cadmium was found by both methods.
Linear regression is based on an assumption that independent pairs of data are under evaluation. If the main determinant of an element in hair is a characteristic of the donor, this assumption was violated. If, in contrast, external factors such as diet or environmental contamination determined concentrations in multiple samples from a donor over a comparatively long-time violation of this assumption was mitigated. Data reported here cannot be used to distinguish between these alternatives because only half the elements were autocorrelated. It remains impossible to distinguish among the effects of age, place and time. The effects are sufficiently strong to overcome the variability of the data, but their cause is obscure. The changes are consonant with other data.
Age and geography can alter concentration of copper, lead and zinc in hair (Klevay, 1970a (Klevay, , b, 1973 Petering et al, 1971) . If there were seasonal effects, either the number of samples analyzed was too small or the variability was too great for their detection.
Coefficients of variation ranged from 17% for zinc to 121% for aluminum (Table 1) . Within donor variability exceeded analytical variability, sometimes substantially. If coefficients of variation are compared, donor variability (Table 1) exceeded analytical variability (text) by nearly six-fold (zinc) to more than 80-fold (aluminum). Zinc also was the least variable when mean differences between successive values were compared with the overall mean. Donor variability probably is smaller than that between and among other people and other laboratories. The mean donor values were between the low and high means for other laboratories in Table 2 for the essential elements and aluminum and were within 1 s.d. of the low means for cadmium and lead.
Variability among laboratories Very large differences for values for elements in hair from various laboratories reporting data on healthy people (Table 2 ) also make it difficult to interpret extreme values obtained on isolated samples. Table 2 contains the lowest and highest mean values for healthy people reported for the six elements by others. These means are those for men, rather than women and children, when authors were specific because age and sex have been shown to alter trace elements in hair (Schroeder & Nason, 1969; Petering et al, 1971 Petering et al, , 1973 Klevay et al, 1987; Leotsinidis & Kondakis, 1990; Wilhelm et al, 1990; Bertazzo et al, 1996) although not all data are confirmatory (DiPietro et al, 1989; Shrestha & Oswaldo, 1987; Thimaya & Ganapathy, 1982) . Age and sex effects usually are small in comparison to the tabulated ratios, however.
Sources of disparities may be analytical, environmental or some ill-defined characteristics of the population studied.
Only mean values for cadmium and lead in the hair of the donor were outside (below) the range of mean values in Table 2 . These values do not seem unusually low considering the variability associated with the lower means in Table 2 .
Among the environmental variables that can contribute to these disparities are the shampoos used by the people studied and quality of the water in which they bathed. At least 16 elements that may affect hair analysis are present in shampoos (Klevay, 1981a; Klevay et al, 1987) . Those products containing aluminum, lead, selenium and zinc are of most interest in this context. None of these products were used by the donor; bath water during travel could have had a small effect on some samples in comparison to the water in his two residences. However, shampoos and bath water are likely to have had important effects on the samples from people that are included Table 2 .
Generalizations
The potential intoxicants in Table 2 have larger ratios of high to low mean than that was found for the essential nutrients. Homeostatic control of essential elements probably is greater than that for potential intoxicants. Perry et al (1962) calculated the ratio between the 90th and 10th percentiles of organ values and noted that a ratio of seven can separate these groups of elements. The ratio was usually less than 3 1 2 for essential metals and often greater than 14 for others. This suggestion is consonant with Liebscher & Smith's (1968) suggestion that nonessential elements are more variable (lognormal vs normal distribution) than essential elements. The ratios of two to three for essential nutrients (Table 2) are somewhat lower than the seven, which Perry et al (1962) used to separate the two classes of elements.
Clinical and epidemiologic studies often include sequential measurements on people with results being reported in aggregate. Descriptions of multiple measurements made on individuals over comparatively long periods of time are unusual in medicine (Cornelis & Speecke, 1971; Bean, 1980) . Cornelis & Speecke (1971) measured seven chemical elements in one or two hair samples collected each year from two brothers between 1895 and 1924. Zinc and copper were the least variable of the elements; this variability was less than that in Table 1 .
Even the low ratios of means for essential nutrients in Table 2 make it difficult to infer nutritional status from an analysis because all of the tabulated data were obtained from people presumed to be healthy. Differences in means may help to explain the variability of diagnostic interpretations found by those (Barrett, 1985; Seidel et al, 2001; Drasch & Roider, 2002) who sent split hair samples to several laboratories.
Incorrect inferences can easily be drawn from analytical results on a single sample. If a dietary supplement is taken because of a low value for an essential element, an 18-52% chance variation in the next analysis may not indicate an improvement in status. Similarly, a 37-68% change in a potential intoxicant after chelation also may not indicate improved health. This variability may amplify the natural tendency of regression toward the mean.
The low aluminum mean in Table 2 plus 2 s.d.'s equals 6.54 mg/g and the high zinc mean minus two standard deviations is 152 mg/g. Single analyses on the donor could have resulted in a diagnosis of aluminum intoxication or zinc deficiency 1 6 À 1 3 of the time. Donor values always were above the low zinc mean and below the high aluminum mean, however. An analytical value can be considered either normal or abnormal depending on the mean value with which it is compared.
Lead in human hair was 10-15 times higher before 1923 in comparison to 1971 (Weiss et al, 1972) . The origin of this decrease is obscure, but the trend seems to continue (Table 1) because the highest value here, 3.6 mg/g, is less than the lower mean values found earlier (Weiss et al, 1972; Klevay, 1973) .
Thus, usual values for an element in hair can change with the passage of time. The high mean for lead was obtained (Bush et al, 1995; Schroeder & Nason, 1969) a Two mean values of 1/700 th -1/13th of this value are ignored as egregious. b Ratio of high mean to low mean, rounded off. Some ratios would have been higher if geometric means or medians have been included; these were omitted because the vast majority of authors do not calculate them. Data from 55 articles on adults were considered for inclusion in this table. The number of central values available for each element were: aluminum, 16; cadmium, 13; copper, 23; lead, 13; selenium, 10 and zinc, 27. The median number of individuals contributing to the tabulated means were 23 with a range from 8 to 132 for the low and high means for zinc, respectively. earlier than the low mean (Table 2 ). Other differences between high and low means should not be considered an effect of time, however, in the absence of a demonstrated change in exposure. Age, geography or time may exert subtle influences on diet, environment or metabolism.
Conclusions and recommendations
Two factors make it unlikely that a single measurement of any of these elements in hair will be medically useful. Analyses made on an individual can be quite variable even when collection and processing of the samples is under tight control. Mean values from numerous research laboratories for these elements also are quite variable. Standardization of procedures among laboratories is less rigid than that applied here, but there is little evidence to guide one to a preference of one set of procedures or values over another.
Hair analysis on samples from individuals should be guided by a diagnostic hypothesis such as cadmium intoxication or copper deficiency rather than merely using analytical chemistry to explain an accumulation of symptoms or the vicissitudes of life. These principles probably can be applied to other elements often measured in hair, but not considered here in detail.
